Mesoscopic Magnetic States in Metallic Allo ys with Strong Electronic Correlations:

Percolativ e Scenario for CeNi; yCuy
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We presert evidence for the existence of magnetic clusters of approximately 20 A in the strongly
correlated alloy system CeNi1 xCuy (0.7 x 0.2) basedon small angle neutron scattering exper-
iments as well asthe occurrence of staircase-like hysteresiscyclesduring very low temperature (100
mK) magnetization measuremens. An unusual feature is the obsenation of long-range ferromag-
netic order below the cluster-glasstransition without any indication of a sharp transition at a Curie
temperature. These obsenations strongly support a phenomenological model where a percolative
processconnectsthe cluster-glassstate observed at high temperatures with the long-range ferromag-
netic order observed by neutron diraction experiments at very low temperatures. The model can
accourt for all the puzzling macroscopic and microscopic data previously obtained in this system,
providing a new perspective with regard to the magnetic ground state of other alloyed compounds
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with small magnetic moments or weak ferromagnetism with intrinsic disorder e ects.
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In order to investigate the physical and, in particular,
magnetic properties of materials it is often commonand
useful to substitute di erent speciesof ions into metals
and alloys. Ability to tune to the properties of mat-
ter in this manner allows one to distinguish between
the applicability and limitations of di erent theoretical
models to describe the emergen phenomena. For ex-
ample, one of the rst experimental demonstration of
the Doniach's phase diagram was from the systematic
study of Pt substitutions in the CeNiy « Pty series[1, 2].
Doniach's phenomenologyexplains the competition be-
tween the RKKY interaction and the conduction band
hybridization in Cerium and Uranium compounds some
of them exhibiting Non-Fermi Liquid (NFL) behaviour
in the proximity of a Quantum Critical Point (QCP) [3].
In someimportant examples,substitution or doping can
improve a desired property, as is the casefor materials
such as High-T ¢ [4] and other unconvertional supercon-
ductors [5, 6] as well colossalmagneto-resistance(CMR)
compounds[7, §].

It is clearthat strong electron correlations are the ori-
gin of the propertiesfor all the examplesmentioned above
and as a consequencemany of these properties are sen-
sitive to disorder [9, 10]. One is thus left with the puzzle
of how to discernwhether the obsened novel phenomena
or changein property is due intrinsic inhomogeneitiesor
simply a consequencef the poor quality of sample. It is
important to note that regardlessof the amount of substi-
tution onecan not guarantee that the distribution of the
dopant to be uniform acrossthe volume of the sample.
It is indeed possible to achieve crystallographic homo-
geneity in the doped compounds, however one hasto be

attentiv e to the implications at the electronic level. The
average e ect of such substitutions is clearly obsened
in macroscopicmeasuremetts suc as X-ray di raction,
magnetization, speci ¢ heat etc, but the heterogeneities
only becomeapparert when microscopictechniques, par-
ticularly muon spin relaxation ( SR) and transmission
electron microscopy are used. In this sense,even appro-
priate annealingwhich brings about perfect homogenisa-
tion is unable to prevent intrinsic inhomogeneitiesfrom
forming in alloyed and doped compounds. A special ef-
fort is thusrequired in the structural, electrical and mag-
netic characterization by combining macroscopicand mi-
croscopictechniquesin order to obtain a completepicture
of the magnetic behaviour of such complex systems.

Accordingly, a complete study of the CeNi; xCuy se-
ries has been deweloped in recent years using policrys-
talline samples[11{14]. The main objective of this study
wasthe seard for a NFL behaviour closeto the QCP ex-
pectedaround x = 0.2 (CeCuis antiferromagnetic (AFM)
and ewlvesto ferromagnetism (FM) for x < 0.8, while
CeNi is an intermediate valence compound). However,
our study revealedpuzzling and seeminglycontradictory
physical results. In particular: (i) Long-range magnetic
order has beenobtained from neutron di raction [12] at
low temperatures (AFM for compounds1< x 0.7 and
FM for compounds with 0.6 x  0.3). In addition,
a cluster-glassstate was determined in the FM compo-
sitions by ac-susceptibility ( 4c) at higher temperatures.
The freezingtemperature, Ts , coincideswith the maxima
obsened in speci ¢ heat measuremerts [13]; (i) No in-
dication of any Curie temperature, Tc, assaiated to the
onset of long-rangeferromagnetic order was obsened by
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FIG. 1: Summary of the macroscopic and microscopic mea-
suremerts for CeNig.4Cuo:s: Top: The real ( %) and imagi-
nary ( %) componerts of the ac-susceptibility in an applied
ac eld of 1 Oe at various selectedfrequencies,and the mag-
netic contribution to the specic heat Cmag in the low tem-
perature regime. The inset shows the magnetic neutron-
diraction pattern (di erence between 0.1 and 5 K). Points
indicate the experimental data and the line is the calculated
pattern. Vertical ticks mark the magnetic re ections for jef
= 0. Bottom: Field Cooled and Zero Field Cooled magneti-
zation in a eld of 50 Oe. The inset shows the temperature
dependenceof the SR relaxation rates i ans and jong , and
the paramagnetic volume fraction, Fpw , in the intermediate
regime.

macroscopicmeasuremens ( ., Cp). SR results indi-
cate the formation of dynamic spin clustersbelow a char-
acteristic temperature T , above T [14]; (iii) considering
the whole analysis of the results, the existenceof a QCP
was not required to describe the ewolution of the mag-
netism along the series, although the low temperature
Cp for x = 0.2 follows a NFL-lik e temperature depen-
dence. In this letter we presert new Small Angle Neu-
tron Scattering (SANS) and very low temperature (100
mK) magnetization data that lead us to proposea new
phenomenologicalmodel that encompassesill the previ-
ousmacroscopicand microscopicmeasuremets obtained
on this system. This picture is basedon a cluster-glass
state percolating into long-range ferromagnetic order at

DS /( -

34 14 )H, "= )8 L !
i

«

o —
<
$198) / ( 38986 & ) - " SH(1

ose <5 08 r Lesue 0 s
n

HE#S 2

5416~ 4) 111 #) 45
7 (s Oss & ) - " S

1fws ) u, "1

>W%I&HS ?

FIG. 2: Schematic illustration of the magnetic state according
to the proposed magnetic cluster model in dierent temper-
ature regions. T; denotesthe cluster-glass freezing tempera-
ture and T the establishment of the intermediate magnetic
inhomogeneousstate (seetext); the latter is determined by

SR ZF-measuremerts, and the former from the cusp in ac-
susceptibility. Note that these two temperatures evolve with
the composition along the series. corresponds to the mag-
netic correlation length.

low temperature.

Figure 1 displays the experimental evidence of the
above mentioned behaviour for one characteristic com-
pound (x = 0.6) as a represerativ e sample preseriing
long-range ferromagnetic order at a very low tempera-
ture (seeinset of Figure 1 top). The magnetic structure
is collinear FM with the Ce magnetic momerts strongly
reduced (0.6 g) and lying along the b-axis. Both 9.
and 92 curves (displayed in Figure 1 top) shaw a pro-
nouncedmaximum at T; , which shifts with the frequency
of the ac applied eld, andis assiated to a cluster-glass
state [15, 16]. The speci ¢ heat, alsoplotted in the same
gure, exhibits a broad anomaly near T; . Such cluster-
glassstate is further supported by the irreversibility of
the eld cooledand zero eld cooled magnetic susceptibil-
ity (seeFigure 1 bottom), although it startsat T > Ts.
This last obsenation implies the presenceof short range
correlations well above T; .

The SR experiments have beenessetial in order to
interpret theseresults. The characteristic parametersob-
tained from sudc a study are summarizedin the inset of
Figure 1 bottom. The most signi cant result is the exis-
tenceof an intermediate state developingat T < T < T
and consisting of long-range ordered and non-ordered
phasesthe former increasingasthe temperature is grad-
ually decreased. This situation, described as the Grif-
ths phase[17] was also detected by SR in the NFL
CeCoGe_.gSii:2 compound [18]. Below Tt , muons detect
long-rangeorder with a broad molecular eld distribution
on the muon site, which indicates the presenceof strong
local spin disorder in this state. It hasto be stressed
that no magnetic cortribution (within the experimental
resolution limits) is obsened in the neutron di raction
pattern obtained just below T;. In fact, SR s particu-
larly sensitive to short-range order correlations [19] and
therefor, a shorter coherencdength (as comparedto neu-
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FIG. 3: Magnetic SANS intensity asa function of the neutron
momentum transfer, g, for CeNio.4Cug:e compound at 1.57 K,
just below Ty . The solid linesarea t to aLorentzian-squared
g dependence(seetext).  corresponds to the estimated cor-
relation length obtained from the t. The inset shows the
same t in alog-log scale.

tron diraction) su ces to de ne the long-rangeordered
state from SR. The overview of Figure 1 alsorevealsthe
absenceof a transition temperature below T; . Thus, the
main question arising from this puzzling phenomenology
is the medhanism that leadsthe system from a cluster-
glassinto a long-rangeordered state. In order to answer
this crucial question, and bearing in mind all the previ-
ously described results, we propose a phenomenological
picture that takesinto accourt all the experimental evi-
dence.

Sudh a picture is shown in Figure 2 and illustrates
the magnetic state of the systemin dierent tempera-
ture regimes. As the temperature is lowered from the
paramagneticstate, regionswherethe magnetic momerts
uctuate together, or clusters, develop due to the rise in
short-range magneticinteractions. The temperature that
corresponds to the cluster-formation (T ) corresponds
to the upper boundary of the intermediate inhomoge-
neous state detected by SR. The volume fraction of
these dynamic ertities increaseswhen the temperature
decreasesand they freezeat T¢, asseenby 4, Cp and
dc-magnetization. At this temperature, and just below,
magnetic correlations are large enoughto be considered
as long-range order by SR but not by neutron dirac-
tion. Very low temperatures are required (T Tt)
in order to detect magnetic contribution in the neutron
diraction pattern. Taking into accourt this body of
evidence, we propose a percolative processin order to
describe the emergenceof the long-range ferromagnetic
state from the cluster-glassone below T;. According to
such a mechanism, the sizeof the magnetic clusterswould
increasebelow T; , leadingto a domain-like ferromagnetic
state at very low temperature.

The proposed percolative scenario is strongly sup-
ported by two recert experiments. Their results are de-
scribed below.
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The most direct evidenceone can gain of the existence
of magnetic clustersis obtained by SANS. For this reason,
we have carried out SANS measuremets for seweral sam-
plesof the seriesusing the D16 instrument located at the
Institute Laue-Langevin (ILL) in Grenoble. The SANS
magnetic signal was obtained at temperatures below the
Tt detected by macroscopicmeasuremets, and the in-
coherent nuclear scattering was removed by subtracting
the SANS signal recorded in the paramagnetic regime
(T > T ). The results obtained for the x= 0.6 sample
are preserted in Figure 3 as an example. When analyz-
ing the small angle magnetic scattering crosssection of a
sampleexhibiting inhomogeneousstates, suc as cluster-
glassbehaviour, one would expect to have two di erent
contributions: a Lorentzian term [| = A=(q?+ 1/ 2)] rep-
reserting the short-range ferromagnetic order assaiated
to the uctuations of the spin system and characteris-
tic of temperatures around the Curie temperature, and
a Lorentzian-squared one [I| = B=(¢? + 1/ %)?] arising
from scattering from static regionsof local spin ordering
[20, 21]. Howevwer, in the presen case,only the latter is
neededto accourt for the magnetic SANS signal. The
conclusionsthat can be obtained from theseresults are:
(i) The direct obsenation of clusters of magnetic origin
and the clear evidencethat long-range magnetic order
still has not been fully established at the lowest mea-
sured SANS temperature (1.57 K for x = 0.6); (ii) We
have obtained a correlation length of 27 A, which is re-
lated with the averagesize of the magnetic clusters. It
is worth noting that the results obtained for the x= 0.2
sample give much smaller values of the magnetic SANS
intensity and correlation length, asis expecteddue to the
highly reduced magnetic momert in this composition as
a consequenceof the enhancemen of the Kondo e ect
and weaker magnetic interactions.

Magnetization was measureddown to 100 mK (T
T¢) using a SQUID magnetometer equipped with a
miniature dilution refrigerator at the CRTBT (CNRS,
Grenoble). Two represenativ e compounds with x = 0.4
and 0.5 were studied, both of which display long-range
ferromagnetic order at this low temperature as detected
by neutron di raction measuremets. Figure 4 shonvstwo
di erent hysteresisloops obtained for CeNig.cCug.4 at T
= 100mK. The magnetization changesin a seriesof large
discrete jumps giving rise to a multistep pattern. When
repeating the hysteresisloop measuremen the stepsap-
pear at dierent eld values. This unexpected staircase-
like behaviour only appearsin the very low tempera-
ture loops (well below T;), vanishing for slightly higher
temperatures (300 mK). Similar results have been ob-
tained in CeNip.5Cug.s. The obsened featuresin these
cycles, clearly related to avalanchesof domain ips, are
the mesoscopi@analogueof the Barkhausennoise[22, 23].

The magnetic domains appear in corventional ferro-
magnetsin order to minimize the magnetostatic energy
In the presert case,they are a consequenceof the ther-
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FIG. 4: Hysteresis loops obtained for CeNip.6Cuo:4 at 100
mK. The inset shaws the numerical simulation of a hysteresis
loop (seedetails in the text). The magnetization is in relative
units and the magnetic eld in units of the exchange constart,
J.

mally activated percolative processof static ferromag-
netic clusters reaching a minimum energy state. This
mechanism increasesthe magnetic correlation length up
to values that can be detected by neutron diraction
( 10° A). The processis driven by the increasing im-
portance of the RKKY interaction asthe temperature de-
creases.This interaction, then, competeswith the local
anisotropy, giving rise to a structure of magneticdomains
that displays an "asperomagnetic" mesoscopicstate suc
hasbeenreported by Coey [24] in the caseof amorphous
systems. The presert situation is clearly reminiscert of
that case,but occurring in crystalline samples.

Recert simulations basedon disorder, anisotropy and
competing magnetic interactions reproduce satisfactorily
the experimental situation. We have used an Ising-like
Hamiltonian with a positive exchangeinteraction and an
anisotropy term that has been xed at random for each
one of the random size clusters in which the lattice has
been split. Furthermore, in order to simulate the dis-
order in the interactions, we have \isolated" somespins
(typically 2.5%), by eliminating the ferromagnetic link
with their neighbours. Within this model, we have per-
formed a Monte Carlo simulation on a 3-dimensionallat-
tice at zero temperature. One typical hysteresis cycle
so obtained is shown in the inset of Figure 4, exhibiting
remarkable resenblance with the experimental results.

In conclusion,the useof many di erent techniqueshas
allowed us to propose a mesoscopiccluster-glass state
and to extend the percolative scenario,already described
in manganites[25], magnetic semiconductors[26] and di-
luted magnets[27], to strongly correlated electron metal-
lic systemsand, in particular, to Ce and U basedinter-
metallic compounds. This model has beencon rmed by
SANS and the staircasehysteresisloops at low tempera-
tures and represerts, in our opinion, a more general sit-
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uation than the particular caseof CeNi; xCuy and cer-
tainly shedlight on the nature of magnetic ground state
of other compoundswith small magnetic momerts, weak
ferromagnetism and intrinsic disorder e ects [28{30].
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